pathological conditions are clear. Significant levels of NPY mRNA are present in the GABAergic RT nucleus (Morris, 1989) , and Y1 and Yµ receptors are differentially expressed in GABAergic inhibitory neurons and cells of relay nuclei (Gehlert et al. 1992; Dumont et al. 1993 ). To our knowledge, there have been no studies of the actions of NPY on thalamic neurons. NPY receptor subtypes and cellular mechanisms through which NPY regulates neuronal activity have been examined in a few brain regions. Results have revealed different roles of NPY1 vs. NPYµ receptors at pre-vs. postsynaptic sites. For example, high levels of NPY1 and NPYµ receptors are differentially expressed in certain regions of the hippocampus. NPYµ receptors mediate inhibition of glutamate release onto pyramidal neurons, but have no effect on the inhibitory inputs (Qian et al. 1997) . However, the role of NPY1 receptors in the hippocampus remains unclear (see Vezzani et al. 1999) . Results from the suprachiasmatic nucleus (Chen & van den Pol, 1996) and arcuate nucleus of the hypothamalus (Rhim et al. 1997 ) also suggested differential roles of NPY1 vs. NPYµ receptors. In the accompanying paper (Sun et al. 2001) , we reported that NPY1 and NPYµ receptors are selectively coupled to G_protein-activated, inwardly rectifying K¤ (GIRK) channels and Ca¥ channels, respectively, in thalamic neurons of RT. GIRK channels are generally thought to be predominantly localized at postsynaptic membranes (Ponce et al. 1996; Takigawa & Alzheimer, 1999) and to mediate only postsynaptic actions (Bayliss et al. 1997; L uscher et al. 1997) . However, anatomical studies of the localization of GIRK channels at presynaptic terminals of the CNS have yielded controversial results (Ponce et al. 1996; Drake et al. 1997) . Because of the lack of selective antagonists, there is no direct evidence as to whether GIRK channel activation at presynaptic terminals is a mechanism for modulation of presynaptic neurotransmitter release (see Miller, 1998) . By taking advantage of the selective coupling of NPY1 and NPYµ receptors with GIRK channels and Ca¥ channels, respectively, in thalamic slices (Sun et al. 2001) , we have been able to test the hypothesis that NPY1 and NPYµ receptors are differentially localized at presynaptic terminals and postsynaptic membranes, and regulate thalamic function via separate mechanisms.
METHODS
All experiments were carried out using a protocol approved by the Stanford Institutional Animal Care and Use Committee. Young Sprague-Dawley rats (13-16 days old; P13-16) were deeply anaesthetized with pentobarbital sodium (55 mg kg¢) and decapitated. Brain slices (300-400 ìm) were obtained using methods described in the accompanying paper (Sun et al. 2001 ). An Axopatch-1A amplifier (Axon Instruments, Foster City, CA, USA) was used for voltage-clamp and current-clamp recordings. The physiological perfusion solution contained (mÒ): 126 NaCl, 2·5 KCl, 1·25 NaHµPOÚ, 2 MgClµ, 2 CaClµ, 26 NaHCO× and 10 glucose. For current-clamp recordings, the pipette intracellular solution used in the majority of recordings contained (mÒ): 117 potassium gluconate, 13 KCl, 1·0 MgClµ, 0·07 CaClµ, 0·1 EGTA, 10·0 Hepes, 2·0 Naµ-ATP and 0·4 Na-GTP (pH 7·4; osmolarity, 280 mosmol l¢). For voltage-clamp recordings, caesium gluconate and CsCl were substituted for potassium gluconate and KCl, respectively. Inhibitory postsynaptic currents (IPSCs) were recorded in the presence of 20 ìÒ 6,7-dinitroquinoxoline-2,3-dione (DNQX) and 40 ìÒ (±)-2-amino-5-phosphonovaleric acid (AP-5) to block ionotropic glutamate receptors. Under these experimental conditions, IPSCs were either outward currents (holding potential (Vh) = 0 mV) or inward currents (Vh = −80 mV). Miniature spontaneous IPSCs (sIPSCs) were recorded in the presence of 1 ìÒ tetrodotoxin (TTX). Inhibitory currents were evoked with a bipolar extracellular stimulating electrode that was placed in the RT nucleus. The stimulus threshold was determined by applying a series of 100 ìs square pulses whose intensity was increased from 20 to 100 ìA until detectable responses were obtained. Once the threshold was determined, stimuli with increased intensity were used to elicit maximal IPSCs. Access resistance was monitored by measuring responses to small depolarizing voltage commands, and only data that did not show a significant change in access resistance during the experiment were included in this study. An IBM PC-compatible computer equipped with pCLAMP (Axon Instruments) and Strathclyde Electrophysiology Software (courtesy of J. Dempster, Strathclyde, UK) was used to generate the stimulation pulses, and digitize and record responses on-line. Data were also digitized (44 kHz) by a Neurocorder DR-484 (Neuro Data Instruments) and stored on-line for analysis. The current signal was filtered at 2 kHz with a 8-pole Bessel filter (Frequency Devices), and sampled with the computer at 2 kHz for IPSC data. Clampfit (Axon Instruments), SCAN (courtesy of J. Dempster), Winplot (courtesy of N. Dale, St Andrews University, UK), Origin (Microcal) and locally written programs, Metatape and Detector (J. R. Huguenard) were used for data analysis. BIBP3226 and [Leu 31 Pro 34 ]NPY (Peninsula Laboratories, Belmont, CA, USA) solutions were stored at −70°C. They were diluted to the final concentration in physiological solution and applied via multi-barrel focal perfusion. DNQX was purchased from Tocris Cookson (St Louis, MO, USA), AP-5 from RBI (Natick, MA, USA), and ù-conotoxin GVIA, ù_agatoxin TK and GTP-ã-S from Sigma (St Louis, MO, USA). Data are presented as means ± s.e.m. Analysis by Student's t test was performed for paired and unpaired observations. P values of less than 0·05 were considered statistically significant.
RESULTS
NPY decreased neuronal excitability in RT and VB nuclei predominantly by activation of GIRK channels coupled to NPY1 receptors We elicited rebound bursts and regular spikes in RT (n = 18) and VB (ventral basal complex; n = 22) neurons by injecting negative and positive currents, respectively, to test the effects of NPY on neuronal firing properties (see Jahnsen & Llin as, 1984a,b) . These neurons had mean resting potentials of −61 ± 2 mV (RT) and −61 ± 0·7 mV (VB). The maximum steady-state input resistance of neurons, measured by the steepest slope of the I-V relationship, was 225 ± 15 and 180 ± 10 MÙ, respectively, in RT (n = 18) and VB (n = 22) and was similar to values reported in earlier studies (Ulrich & Huguenard, 1996) .
After obtaining stable spike responses, NPY (100 nÒ to 1 ìÒ) was applied focally via a multi-barrel fast solution exchange system positioned just above the slice. Addition of NPY reversibly suppressed rebound spikes to a greater extent (•60% reduction in the number of hyperpolarizing stimuli that could elicit rebound bursts) than regular spikes (•30% reduction of spikes) in both RT (14Ï18) and VB neurons (16Ï22; e.g. Fig. 1B ). These included either fewer episodes with action potentials (e.g. Figs 1A2 , B 2, and 2B 2) or lower action potential frequency within each episode (e.g. Fig. 1A2 and B 3) . The inhibitory effects of NPY were often accompanied by resting membrane hyperpolarization ( Fig. 1B2 and B3 ; 4·1 ± 0·4 mV in RT, n = 18; 4·0 ± 0·2 mV in VB, n = 22), which is similar to the postsynaptic effects of ACh but opposite to that of noradrenaline (norepinephrine) in the thalamus (McCormick & Prince, Figure 1 . Effects of NPY on spike firing in RT and VB neurons A, current-clamp recordings from an RT neuron showing direct and rebound responses to a series of current steps ranging from −300 to +300 pA. A1, control responses at a resting membrane potential of −58 mV. A2, focally applied NPY (500 nÒ) elicited •5 mV hyperpolarization and blocked repetitive firing during the largest depolarization. A3, responses after washout of NPY. B, current-clamp recordings from a VB neuron, in which repetitive spiking and rebound bursts were elicited by a series of current pulses as in A. B1, control responses at a resting membrane potential of −62 mV. B2, focally applied NPY (500 nÒ) produced 8 mV hyperpolarization and blocked rebound spikes following hyperpolarizing pulses. Control (thin) and post-NPY traces (thick) are shown superimposed. B3, NPY reduced repetitive spiking during depolarizing pulses and resulted in an •7 mV hyperpolarization. 1986, 1988). As in those earlier studies, the effects on firing properties could be reversed by repolarizing the membrane potential with DC injection. As shown in the accompanying paper (Sun et al. 2001 ), NPY1, but not NPYµ, receptors activate GIRK channels in both RT and VB neurons. Therefore we tested the possibility that GIRK channel activation is responsible for the inhibitory effects of NPY on neuronal firing. Application of NPY evoked an increase in membrane conductance and hyperpolarization that reversed at a membrane potential near −100 mV (not shown). In 20Ï30 cells, the conductance increase was voltage dependent and had properties that were similar to those of the voltage dependence of NPY activation of GIRK channel kinetics (e.g. Fig. 2A4 and A5). The time course of action of NPY was also similar to that for activation of GIRK channels in five neurons tested Figure 2 . Effects of the NPY1 receptor antagonist BIBP3226 on the actions of NPY A, current-clamp recordings from an RT neuron in which rebound and regular spikes were elicited by a series of current steps (−300 to +300 pA) in control (1), 500 nÒ NPY (2) and NPY plus 500 nÒ BIBP3226 (3). A4, I-V relationships for the neuron of A1-3. A5, NPY-sensitive I-V relationships for the neuron of A1-3. B, current-clamp recordings from a VB neuron showing responses to a hyperpolarizing current pulse (−60 pA, 0·17 Hz) in control (1), 1 ìÒ NPY (2) and NPY plus 1 ìÒ BIBP3226 (3). The horizontal dotted line indicates the resting membrane potential. B4, time series measurements of the membrane conductance change in the cell of B1-3. (ô = 5 ± 2 s; e.g. Fig. 2B4 ). The effects of NPY on membrane conductance in RT (n = 4Ï5) and VB (n = 6Ï9) neurons was totally blocked by the NPY1 receptor antagonist BIBP3226 (Fig. 2A3, A4 , and B), suggesting that the NPY action on membrane conductance was mediated by NPY1 receptors. Neurons loaded with GTP-ã-S (100 ìÒ in the patch pipette) had an irreversible increase in membrane conductance (60 % greater than control, P < 0·01, n = 6; not shown) when exposed to focally applied NPY (1 ìÒ), suggesting the involvement of G_proteins. Perfusion of solutions containing 0·1 mÒ Ba¥ produced effects opposite to those of NPY, including depolarization of the resting membrane potential (•4 mV), a decrease in membrane conductance and an increase in the incidence of both rebound spikes (•55%, n = 6; not shown) and regular spikes (•20 %, n = 6; Fig. 3 ). NPY had no further effects in slices perfused with 0·1 mÒ Ba¥ (Fig. 3) . These results, together with those from experiments with specific NPY receptor antagonists, suggest that the activation of GIRK channels by NPY1 receptors is predominantly responsible for the postsynaptic decreases in excitability of thalamic neurons induced by NPY. NPY1 receptors are not the only subclass of NPY receptor expressed on somatic-dendritic membranes; NPYµ receptors are also present and their activation can inhibit PÏQ-and Ntype high-voltage-activated (HVA) Ca¥ channels through a voltage-independent mechanism (Sun et al. 2001) . Indeed, in two cells we found that, although the NPY1 antagonist BIBP3226 reduced the effects of NPY on membrane conductance, the inhibitory effects of NPY on responses to depolarizing current pulses were not completely reversed (not shown). We used low concentrations of the selective Ca¥ channel blockers ù-conotoxin GIVA (100 nÒ) and ù-agatoxin TK (50 nÒ) and found that these had very little effect on the incidence of spikes (n = 10; not shown). This suggests that inhibition of Ca¥ channels by the NPYµ receptor has little effect on the postsynaptic firing pattern.
Inhibition of spontaneous GABA release by NPY in RT and VB The major projections of inhibitory neurons in RT are onto relay neurons in the dorsal thalamus (Cox et al. 1996) , but recurrent collaterals also provide intranuclear inhibition (Huguenard & Prince, 1994; Huntsman et al. 1999) . IPSCs in RT neurons are mediated mainly by GABAA receptors and differ in kinetics from those in relay cells, presumably due to differences in GABAA receptor subunits (Zhang et al. 1997; Huntsman et al. 1999) . After blockade of ionotropic glutamate receptors with DNQX (20 ìÒ) and AP-5 (40 ìÒ), sIPSCs were recorded in both RT and VB neurons under whole-cell voltage clamp. Typical sIPSCs in RT and VB are shown in Fig. 4A1 and B1, respectively. As previously reported (Zhang et al. 1997; Huntsman et al. 1999) , the decay time constant (ôD) of IPSCs was much slower in RT than in VB neurons (Fig. 4A1 vs. B 1) . When the ôD of sIPSCs was estimated by fitting averaged (> 50 events) traces with a single exponential curve, values differed significantly between RT and VB neurons (ôD = 33·5 ms in RT, n = 10; ôD = 12·4 ms in VB, n = 14; P < 0·01). Other parameters such as mean charge per IPSC (2·3 ± 0·5 pC in RT vs. 0·7 ± 0·1 pC in VB; P < 0·01) also differed between the two nuclei; however, the peak amplitudes were not significantly different (75 ± 18 pA in RT vs. 73 ± 17 pA in VB). We studied the effects of NPY on the frequency and kinetics of sIPSCs in RT and VB neurons of thalamic slices from P13-15 rats. NPY applied either focally (see Methods) or via bath perfusion dramatically reduced the frequency of sIPSCs in virtually every RT cell tested (60 ± 7 % inhibition, n = 14, P < 0·001; Figs few neurons, the sIPSCs were almost abolished but recovered upon washout (Figs 4A and 6A) . NPY reduced the frequency of sIPSCs in 10Ï16 VB cells but had either no effect or slightly increased the sIPSC frequency in other VB neurons (6Ï16; Fig. 6B ). The percentage inhibition in VB varied between cells (5-60%) and the mean inhibition was 25 ± 11% (n = 16, P < 0·05 vs. RT; Figs 4B and 6 ). This suggests that NPY receptor activation has larger inhibitory effects on spontaneous recurrent inhibition within the RT than it does on feed-forward inhibition onto relay neurons. In many preparations, the effects of neuropeptides, particularly NPY (see Rhim et al. 1997) , are long lasting and non-reversible. However, in our previous studies, we found that the effects of NPY on GIRK channels and Ca¥ channels had a rapid onset and were highly reversible. We therefore studied the time course of the NPY-mediated action on sIPSCs to determine whether there were additional irreversible actions. The onset of the decrease in sIPSC frequency following NPY application was relatively rapid; maximum reduction occurred within 1-2 min (Fig. 5A ) and the effects had almost totally disappeared after 2-6 min of washout (e.g. Fig. 5B1 ). Overall, NPY reduced the frequency of sIPSCs (Fig. 6) incidence of larger events (not shown). These results suggest that the effects of NPY on sIPSCs were mediated via presynaptic mechanisms. The effects of NPY on sIPSCs in RT neurons were mimicked by the selective NPYµ receptor agonist NPY(18-36) (n = 10, P < 0·01; Fig. 7 ) but not by [Leu 31 Pro 34 ]NPY, an NPY1 receptor agonist (n = 9, n.s. vs. control; Fig. 7) . In three VB neurons tested, the NPY1 receptor antagonist BIBP3226 did not block the effects of NPY on sISPCs (not shown). These results suggest that NPYµ receptors are predominantly responsible for the presynaptic inhibition of sIPSCs in RT and VB. sIPSCs consist of events resulting from both action potential-dependent and -independent mechanisms (see Emmerson & Miller, 1999) . Since thalamic neurons generate frequent spontaneous action potentials (see McCormick & Pape, 1990) , the decrease in sIPSC frequency produced by NPY might be secondary to a reduction in spontaneous neuronal firing, or a direct effect on the quantal transmitter release mechanisms. We examined the effects of NPY on miniature IPSCs (mIPSCs) recorded in the presence of 1 ìÒ TTX and found that NPY reversibly reduced the frequency of mIPSCs in both RT and VB neurons (Fig. 8) . The percentage reduction in both RT and VB was similar to that produced by NPY application in control solution (63 ± 7 % for RT, n = 5; 37 ± 8% for VB, n = 10; Fig. 8 ). However, in the presence of both TTX and the voltage-gated Ca¥ channel inhibitor Cd¥ (200 ìÒ), NPY had no significant effects on mIPSCs in RT neurons (86 ± 12 %, n = 9, P > 0·1 vs. control; Fig. 9 ). These results suggest that the effects of NPY on the frequency of mIPSCs were mediated via inhibition of voltage-gated Ca¥ channels. To test the hypothesis that NPY-mediated inhibition of spontaneous release is due to activation of receptors located on afferent terminals of RT neurons, we surgically removed the RT nucleus from the circuit by making a cut between RT and VB ( Fig. 3B . B, cumulative probability plots of intervals (1) and amplitudes (2) of sIPSCs in control, and during NPY application and washout in the same neuron as in A. were probably produced by spontaneous release of GABA from nerve terminals. Ninety minutes later sIPSCs could still be recorded in neurons located in the adjacent VB nucleus with a mean frequency of 5 ± 1 Hz (n = 8). NPY produced a similar decrease in sIPSC frequency (29 ± 7 %, n = 5, P < 0·05 vs. control; Fig. 10 ) to that observed with intact slices. This suggests that NPYµ receptors located at nerve terminals regulate spontaneous GABA release onto VB neurons.
Effects of NPY on evoked IPSCs in RT and VB It has been found that the relief of voltage-dependent inhibition of Ca¥ channels may be responsible for the shortterm plasticity in cultured hippocampal neurons that form synapses onto themselves (Brody & Yue, 2000) . In the accompanying paper (Sun et al. 2001) , we reported that NPY modulates N-and PÏQ-type Ca¥ channels via voltage-independent mechanisms. We therefore tested the effects of NPY on IPSCs evoked by trains of stimuli (40-80 ms inter-stimulus interval) to determine whether the inhibition of evoked IPSCs (eIPSCs) by NPY alters the short-term plasticity. NPY (100-500 nÒ) reversibly reduced the amplitude of eIPSCs to a similar extent in RT (18 ± 3 %, n = 7) and VB (15 ± 4 %, n = 6; Fig. 11A1 vs. A2). The reduction of eIPSCs in both nuclei was not accompanied by significant kinetic changes (Fig. 11A1 and  A2, insets) , suggesting that only presynaptic mechanisms were involved. Furthermore, the inhibition of eIPSCs by NPY was similar during each stimulus within the train of stimuli (Fig. 11B) . Therefore NPY did not alter the shortterm plasticity of eIPSCs in thalamic neurons. The most complete information regarding physiological actions of NPY has been obtained from experiments in the hippocampal CA3-CA1 region. NPY produces presynaptic inhibition of excitatory neurotransmission without effect on postsynaptic inhibition at these sites (Colmers et al. 1988 ). The NPY effects are mediated only by Yµ receptors acting via a presynaptic decrease in Ca¥ entry through N_ and PÏQ-type channels, but not by other mechanisms (McQuiston & Colmers, 1996; Qian et al. 1997) . Although Y1 receptors are present in the molecular layer of the dentate gyrus on granule cell dendrites (Dumont et al. 1993) , their role in this circuit remains unclear (reviewed by Vezzani et al. 1999) . In contrast to the actions of NPY in the hippocampus, in the suprachiasmatic nucleus Y1 and Yµ receptors are present at presynaptic axonal terminals and Pre-and postsynaptic actions of NPY J. Physiol. 531.1 89 Figure 8 . Effects of NPY on the frequency of mIPSCs in RT and VB A, mIPSCs recorded at Vh = −75 mV in an RT neuron in the presence of AP-5 (40 ìÒ), DNQX (20 ìÒ) and TTX (1 ìÒ). Five consecutive traces in control (1), 500 nÒ NPY (2) and 3 min after washout (3) are shown. A4, cumulative probability plots of mIPSC inter-event intervals from 3 min epochs before (Control), during and 3 min after (Wash) the application of NPY in the cell of A. B, graph showing that the mean frequency of mIPSCs in both RT (n = 5) and VB (n = 10) was significantly reduced by NPY (4, NPY; 5, control and washout; *P < 0·05 vs. control).
postsynaptic neuronal somata and both receptors participate in NPY-mediated inhibition of GABA release (Chen & van den Pol, 1996) . This effect appears to be downstream of the inhibitory effects on Ca¥ currents (Chen & van den Pol, 1996) . However, in rat arcuate nucleus, although multiple NPY receptors mediated the inhibition of eEPSCs, only Y1 receptors were coupled to a postsynaptic activation of K¤ conductance (Rhim et al. 1997) . Anatomical data suggest that high or moderate levels of NPY1 receptors but only very low levels of NPYµ receptors exist in most thalamic nuclei (Dumont et al. 1993) . Based on pharmacological evidence, we found that functional NPY1 receptors exist at postsynaptic sites in the ventrobasal nucleus and reticular nucleus, where they mediate inhibitory effects on neuronal firing via activation of GIRK channels. NPYµ receptors are present at both pre-and postsynaptic sites, but their major role is apparently to regulate synaptic transmission in these same structures. However, we cannot rule out the possibility that other NPY receptor subtypes, for example NPYÛ receptors, may also be involved in the modulation of excitability and GABA release in a small proportion of cells in the thalamus. Nevertheless, the Y1 antagonist BIBP3226 blocked the postsynaptic effects and the activation of GIRK currents in the majority of cells, suggesting a predominant role for NPY1 vs. YÛ receptors at the postsynaptic membrane in the thalamus. Our results thus agree with the anatomical data but suggest an additional important locus of the NPYµ receptor at presynaptic terminals. Furthermore, in contrast to the hippocampus, where NPY receptors selectively affect functions at excitatory nerve terminals (Klapstein & Colmers, 1993) , NPY reduced GABA release from the inhibitory terminals in the thalamus. Other differences in synaptic modulation between the hippocampus and thalamus have been reported (Ulrich & Huguenard, 1996) .
Mechanisms underlying the actions of NPY in the thalamus
At synaptic terminals, Ca¥ channels are located close to neurotransmitter release sites and Ca¥ influx via particular channels can trigger neurotransmitter release (see Dunlap et al. 1995; Takahashi et al. 1996) . Voltage-dependent inhibition of PÏQ-and N-type Ca¥ channels by neurotransmitters and modulators is a common mechanism of presynaptic inhibition (Wu & Saggau, 1997; Takahashi et al. 1998; reviewed by Miller, 1998) . In cultured hippocampal neuronal somata, the relief of G-protein-mediated voltagedependent inhibition of PÏQ-channels by depolarizing pulses was thought to contribute to short-term synaptic Vh, −80 mV; estimated ECl, −55 mV. B 1, cumulative probability distribution of mIPSC intervals from 3 min periods before and during application of NPY in the same cell. B 2, cumulative probability plots of mIPSC amplitudes for control (pre-NPY) and NPY conditions for the neurons of A1 and 2. facilitation at excitatory autapse terminals (Brody & Yue, 2000) . At the calyx of Held in rat brainstem slices, facilitation or inactivation of presynaptic Ca¥ current contributes to short-term synaptic facilitation and depression, respectively (Forsythe et al. 1998) . Much less is known about the consequences of voltageindependent inhibition of N-and PÏQ-type channels at nerve terminals. In thalamic slices, we showed that activation of NPYµ receptors inhibited •30% of whole-cell Ca¥ currents through voltage-independent mechanisms in the soma and inhibited evoked GABA release without change in short-term synaptic plasticity. This is different from the actions of baclofen and somatostatin, which produced voltage-dependent inhibition of Ca¥ channels in Pre-and postsynaptic actions of NPY J. Physiol. 531.1 91 Figure 10 . The effects of NPY on transmitter release are mediated by NPY receptors acting directly at neurotransmitter-releasing terminals A, schematic diagram showing the surgical cut between RT and VB. Recordings of sIPSCs were made 1·5 h after the cut in the VB nucleus. B, sIPSCs were recorded in a VB neuron after the dissection shown in A, in the presence of AP-5 and DNQX in the physiological perfusion solution. Four consecutive traces in control (1) and in 200 nÒ NPY (2) are shown. B 3, cumulative probability distributions of sIPSC intervals from 3 min periods before (Control) and during the application of NPY in the same cell. B4, cumulative probability plots of sIPSC amplitudes for control and NPY conditions for the neuron of B1 and 2. Vh, −90 mV; estimated ECl, −55 mV. the soma and abolished (or attenuated) short-term synaptic depression in thalamic neurons (Q.-Q. Sun, J. R. Huguenard & D. A. Prince, unpublished observations). Thus we suggest that various forms of inhibition of Ca¥ channels may differentially contribute to neurotransmitter receptormediated modulation of short-term synaptic plasticity. It is not clear from anatomical studies whether GIRK channels are localized at presynaptic terminals in the CNS (Ponce et al. 1996; Drake et al. 1997) . There is no direct physiological evidence for the existence of GIRK channels that regulate neurotransmitter release at nerve terminals. However, a GIRKµ channel-knockout animal had normal neurotransmitter release and modulation (L uscher et al. 1997) . In giant presynaptic terminals (calyx of Held), GIRK channels are present at presynaptic terminals, but they are not modulated by GABAB receptors, even though GABAB agonists can inhibit Ca¥ current and neurotransmitter release from those terminals ). However, it remains unknown whether GIRK channels in these giant terminals are the target of modulation by other neurotransmitters. Ba¥, which has been widely used as an antagonist for GIRK channels, can also block Ca¥-dependent K¤ conductance and other K¤ conductances. In addition, Ba¥ may have direct effects on neurotransmitter release (see Hotson & Prince, 1981) . Bath application of Ba¥ (0·1 mÒ) to thalamic slices caused prolonged bursts of highly synchronized IPSCs (Q.-Q. Sun, J. R. Huguenard & D. A. Prince, unpublished observation) . In our previous studies, we found that NPY1 receptors were selectively coupled to somatic GIRK channels but not to Ca¥ channels. The present findings indicate that NPY1 receptors predominantly mediate postsynaptic inhibition through effects on membrane excitability, but are not involved in presynaptic inhibition of neurotransmitter release. The results are thus compatible with a putative postsynaptic locus of GIRK channels. This conclusion is in agreement with results from several other brain regions (see Bayliss et al. 1997; L uscher et al. 1997; Takigawa & Alzheimer, 1999) . Nevertheless, we cannot rule out the possibility that GIRK channels exist at thalamocortical terminals and regulate terminal excitability. At somata and dendrites, Ca¥ entry via HVA channels can trigger Ca¥-dependent K¤ conductances, including those involving SK and BK channels (high-and small-conductance Ca¥-sensitive K¤ channels, respectively). Whereas SK channel activation underlies the generation of slow afterhyperpolarizations (AHPs) that follow bursts of action potentials (Lancaster & Adams, 1986) , BK channels contribute to the fast AHP that underlies action potential repolarization (Storm, 1987; Sun & Dale, 1998 ; but see Kang et al. 2000) . Thus, inhibition of HVA Ca¥ channels could either decrease or increase neuronal excitability, depending on whether the net effect is to reduce inward currents andÏor to affect Ca¥-activated currents (see Raman & Bean, 1999) . In thalamic neurons, the slow AHP is abolished by EGTA, suggesting that it may not depend on a particular subclass of voltage-gated Ca¥ channel but rather on the total intracellular calcium concentration (see Bal & McCormick, 1993) unpublished observations) nor N-and PÏQ-channel inhibitors had profound effects on the firing properties of thalamic neurons. Thus, although NPYµ receptors are present at both postsynaptic sites (somata and dendrites) and presynaptic terminals, their major effect is to decrease GABA release from RT terminals. In addition, there may also be decreased release of other co-transmitters, such as NPY itself.
